Several classes of astrophysical sources contribute to the approximately isotropic gamma-ray background measured by the Fermi Gamma-Ray Space Telescope. In this paper, we use Fermi's catalog of gamma-ray sources (along with corresponding source catalogs at infrared and radio wavelengths) to build and constrain a model for the contributions to the extragalactic gamma-ray background from astrophysical sources, including radio galaxies, star-forming galaxies, and blazars. We then combine our model with Fermi's measurement of the gamma-ray background to derive constraints on the dark matter annihilation cross section, including contributions from both extragalactic and galactic halos and subhalos. The resulting constraints are competitive with the strongest current constraints from the Galactic Center and dwarf spheroidal galaxies. As Fermi continues to measure the gamma-ray emission from a greater number of astrophysical sources, it will become possible to more tightly constrain the astrophysical contributions to the extragalactic gamma-ray background. We project that with 10 years of data, Fermi's measurement of this background combined with the improved constraints on the astrophysical source contributions will yield a sensitivity to dark matter annihilations that exceeds the strongest current constraints by a factor of ∼5-10. 
I. INTRODUCTION
The diffuse and approximately isotropic gamma-ray background was first detected by the SAS-2 satellite [1] , and later confirmed by EGRET [2] and the Fermi Gamma-Ray Space Telescope [3] . This emission has long been speculated to be the product of a large number of unresolved sources, such as active galactic nuclei [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] or star-forming galaxies [14] [15] [16] [17] . It was also suggested that a portion of this background could be the result of annihilating dark matter particles [18] [19] [20] .
With the wealth of new information brought forth by Fermi, a much more concrete and detailed picture for the origin of the extragalactic gamma-ray background (EGB) has emerged. 1 In particular, the large catalog of blazars observed by Fermi [21] has been used to construct detailed luminosity functions and redshift distributions for the populations of flat-spectrum radio quasars (FSRQs) and BL Lac objects. This information, as well as the degree of small-scale anisotropy observed by Fermi [22] , supports the conclusion that unresolved blazars contribute only ∼20% of the EGB [23] [24] [25] [26] . Fermi's detection of gamma-ray emission from both star-forming galaxies [27] and radio galaxies [28] , combined with the observed correlations between emission at gamma-ray and 1 Although we will use the phrase "extragalactic gamma-ray background" throughout this paper to describe the approximately isotropic emission that is observed, we do not intend to imply that no galactic sources could contribute to this flux. If distributed sufficiently isotropically across the sky, a population of faint galactic sources would be difficult to separate from the extragalactic background. Despite the recent detection of small scale anisotropies [22] , this background is also sometimes referred to as the isotropic gamma-ray background.
infrared and radio wavelengths, has revealed that these source classes each contribute significantly to the EGB. Taken together, the emission from unresolved blazars, star-forming galaxies, and radio galaxies is likely to make up the majority of the observed EGB, and could plausibly constitute the entirety of this background (see, for example, the combinations presented in Refs. [29] and [30] , or the discussion in Ref. [31] ). Given the uncertainties in the characteristics of these source populations, however, there remains room for not-insignificant contributions from other sources, such as merging galaxy clusters [32] [33] [34] , cascades generated in the propagation of ultra-high energy cosmic rays [35, 36] , or annihilating or decaying dark matter. In this paper, we construct an empirically based model for the contributions to the EGB from star-forming galaxies, radio galaxies, FSRQs, and BL Lac objects, and we compare this model to the observed spectrum of the EGB. We then make use of this model to derive upper limits on the contribution from dark matter, and on the corresponding annihilation cross sections. We find that the resulting dark matter constraints are competitive with those derived from observations of the Galactic Center [37] and dwarf spheroidal galaxies [38, 39] . Furthermore, as Fermi continues to detect and characterize the gamma-ray emission from an ever larger number of sources, it will become increasingly possible to tightly constrain the various astrophysical contributions to the EGB. We project that with 10 years of data, Fermi's measurement of the EGB, combined with the expected constraints on the astrophysical source contributions, will yield a sensitivity to dark matter annihilations that exceeds current constraints by a factor of ∼5-10. Such a result could plausibly represent the strongest constraint on the dark matter annihilation cross section by the end FIG. 1 . The models used in our analysis to describe the spectral shape of the gamma-ray emission from Milky Way-like starforming galaxies (left) and much higher luminosity starburst galaxies (right), neglecting attenuation from the cosmic infrared background. See text for details.
of the Fermi mission.
The remainder of this paper is structured as follows. In Sec. II, we discuss contributions to the EGB from a variety of astrophysical sources, including star-forming galaxies, radio galaxies, blazars, cascades induced by ultra-high energy cosmic rays, and millisecond pulsars. We describe and constrain a model for this astrophysical emission, and find that the combination of these sources could account for the entirety of the EGB, although with significant statistical and systematic uncertainties. In Sec. III, we calculate the contribution to the EGB from dark matter annihilations, including extragalactic halos and subhalos, and the halo and subhalos of the Milky Way. In Sec. IV, we use these results to derive constraints on the dark matter annihilation cross section. In Sec. V, we make projections for Fermi's future sensitivity to annihilating dark matter. Finally, in Sec. VI, we summarize our results and conclusions.
II. ASTROPHYSICAL CONTRIBUTIONS TO THE DIFFUSE GAMMA-RAY BACKGROUND
In this section, we discuss several astrophysical contributions to the EGB, and constrain their spectral shapes and normalizations. Taken together, we find that the combination of emission from star-forming galaxies, radio galaxies, FSRQs and BL Lac objects likely makes up the majority of the EGB, although with significant uncertainties.
A. Star-Forming Galaxies
Although few galaxies (excluding those with active nuclei) are bright enough to be detected by Fermi as individual sources, they are very numerous and may collectively contribute significantly to the EGB [15] [16] [17] 31] . Galaxies produce and contain cosmic rays, which generate gamma-rays through pion decay, inverse Compton, and bremsstrahlung processes. The intensity and spectrum of this emission is expected to depend on the star formation history of the galaxy in question. To date, Fermi has reported the detection of only nine individual galaxies, four of which reside within the Local Group (the SMC, LMC, M31, and Milky Way) and five of which are more distant (NGC 253, M82, NGC 4945, NGC 1068 and Circinus) [27, [40] [41] [42] . Additionally, M82 and NGC 253 have been observed at very high-energies by groundbased gamma-ray telescopes [43, 44] . Taking this information alone, it would be very difficult to produce a reliable model for the luminosity and redshift distribution of such sources. Fortunately, many more galaxies have been detected at infrared wavelengths [45] , and the gamma-ray luminosities of the galaxies detected by Fermi have been shown to be highly correlated with the corresponding radio and infrared emission. In particular, Ref. [27] reports the following relationship between the emission in the 0.1-100 GeV and 8-1000 µm bands:
where α = 1.17 ± 0.07 and β = 39.28 ± 0.08. Combining this observed correlation with the observed infrared luminosity function and redshift distribution of galaxies [45] , it is possible to derive the gamma-ray luminosity function for this source population [27] .
To describe the spectral shape from this source population, we build a physical model for the gamma-ray spectra from star-forming and starburst galaxies, constrained to match the observed emission from such objects. In the left and right frames of Fig. 1 , we plot the gamma-ray spectrum from a Milky Way-like star-forming galaxy and a high luminosity starburst galaxy, respectively. In the starburst case, we select the pion, inverse Compton, and bremsstrahlung components to match the overall spectral index (above 1 GeV) of 2.2, as observed from individual starburst galaxies by Fermi [27] . In the Milky Way-like
The estimated contribution to the EGB from starforming galaxies (including starburst galaxies). The dashed curve represents the estimate derived using the central parameter values, while the solid lines are the 1σ uncertainties around that prediction. The error bars denote the spectrum of the EGB as measured by Fermi [3] , while the points without error bars are the central values of the Fermi's preliminary EGB analysis, currently in preparation and shown only for comparison [47] . See text for details.
case, we normalized the various components (relatively) according to the model described in Ref. [46] . In calculating the contribution to the diffuse gamma-ray background, we describe the spectral shape from the combination of all star-forming galaxies (including starburst galaxies) as a weighted sum which is a function of a single parameter, f :
In Fig. 2 , we show our estimate for the contribution to the EGB from star-forming galaxies. The central (dashed) curve corresponds to the result found for α = 1.17, β = 39.28, f = 0.5, and the central value of the normalization of the infrared luminosity function [45] . To calculate the uncertainty for this contribution (solid, representing variations at the 1σ level), we propagate the following uncertainties in these parameters: α = 1.17±0.07, β = 39.28 ± 0.08, f = 0.5 × 10 ±0. 20 (constrained such that 0 < f < 1), and an overall uncertainty of ±30% in the normalization of the infrared luminosity function. Taken together, we find that while star-forming galaxies are likely to produce only ∼10-15% of the extragalactic diffuse gamma-ray background, the related uncertainties are large, allowing for the possibility that their contribution could be more significant. Throughout this study, we adopt standard cosmological parameters (Ω Λ = 0.6817, Ω M = 0.3183 [48] ) and account for gamma-ray attenuation via pair-production with the cosmic infrared background (γ + γ IR → e + e − ) using Ref. [49] 's "fiducial model" for the optical depth, τ (E γ , z). 2 The "fiducial model" of Ref. [49] accounts for the evolution of   FIG. 3 . The estimated contribution to the EGB from radio galaxies (including both FRI and FRII galaxies). The dashed curve represents the estimate derived using the central parameter values, while the solid lines are the 1σ uncertainties around that prediction. Error bars and points are as in Fig. 2 . See text for details.
B. Radio Galaxies
Radio galaxies are active galactic nuclei with relativistic jets that are not aligned with our line-of-sight. Within this context, Fanaroff-Riley (FR) type I and II radio galaxies are misaligned BL Lacs and FSRQs, respectively [50] . Although radio galaxies are much fainter than blazars, they are also much more numerous. As a result, gamma-ray emission from unresolved radio galaxies is expected to contribute significantly to the EGB [28, 31, 51] .
As with star-forming galaxies, only a small number (eleven at present) of radio galaxies have been detected at GeV energies [52] . But also like star-forming galaxies, a strong correlation has been observed between the GeV emission of radio galaxies and the emission produced at other wavelengths. In particular, the gamma-ray (0.1-10 GeV) and radio (5 GHz) emission from both FRI and FRII radio galaxies exhibit the following correlation [28] :
where A = 1.16 ± 0.02 and B = −3.90 ± 0.61. We combine this observed correlation with the luminosity function and redshift distribution of radio galaxies as reported by Willott et al. [53] (which includes both FRI and FRII type galaxies) to generate a model for the resulting gamma-ray emission. For the spectral shape of the gamma-ray emission from radio galaxies, we adopt a power-law with an index which the absorption efficiency of dust with redshift. If we had instead adopted their "fixed model" for the optical depth, this would have impact our limits by a factor of ∼2 for dark matter masses greater than a few TeV, and insignificantly for masses below ∼500 GeV.
FIG. 4.
The estimated contribution to the EGB from blazars (BL Lacs and FSRQs). Once again, the dashed curve represents the estimate derived using the central parameter values, while the solid lines are the 1σ uncertainties around that prediction. Error bars and points are as in Fig. 2 . See text for details.
we allow to vary from source-to-source around an average value. Using the ten spectral indices reported in Ref. [28] , we find that a good fit is found for an average spectral index of Γ = 2.39 ± 0.15, with a source-to-source variation of σ ≈ 0.2. In addition to the uncertainties on the spectral index and the radio-GeV correlation parameters, we include a 14% uncertainty in the overall normalization (corresponding to κ = 0.081 ± 0.011 in Ref. [28] ). In Fig. 3 , we show our estimate for the contribution of radio galaxies to the EGB, including the result derived using our central parameter values and the surrounding 1σ uncertainty band.
C. Blazars
Blazars are by far the most numerous class of resolved extragalactic gamma-ray sources, and were long considered to be a leading candidate to generate the majority of the EGB. As the number of detected sources increased, however, it became apparent that unresolved blazars are unlikely to dominate this background. Taken together with the observed degree of anisotropy in the diffuse gamma-ray background at high-latitudes [22] , blazars appear likely to account for only approximately 20% of the EGB [23] [24] [25] [26] .
To estimate the contribution from blazars to the EGB, we consider BL Lac objects and FSRQs independently. For each of these source classes, Fermi has resolved a large number of individual objects, making it possible to construct fairly reliable distributions of these sources in luminosity and redshift, without relying on correlations with emission at other wavelengths. Our method to estimate these contributions follows closely the works of Refs. [25, 26, 54] , and we do not repeat the details here. In Fig. 4 , we show the resulting contributions of BL Lacs and FSRQs to the EGB.
FIG. 5.
The estimated contribution to the EGB from the propagation of ultra-high energy cosmic rays. The upper and lower sets of curves correspond to models with very strong source evolution and no source evolution, respectively [35] . Error bars and points are as in Fig. 2 . See text for details.
D. Ultra-High Energy Cosmic Ray Propagation
Ultra-high energy protons and nuclei scatter with the cosmic microwave and infrared backgrounds, leading to their attenuation and to the corresponding spectral feature known as the GZK cutoff [55, 56] . Such interactions also initiate electromagnetic cascades. The energetic photons and electrons associated with such cascades undergo a rapid sequence of pair production and inverse Compton scattering events, evolving rapidly downward in energy. The resulting spectrum of diffuse gamma-rays peaks at energies of ∼10 − 100 GeV, representing the approximate energy below which the universe is transparent to gamma-rays.
The spectrum of gamma-rays resulting from ultra-high energy cosmic ray (UHECR) propagation depends on a number of relatively unconstrained factors, including the redshift distribution of sources, the chemical composition of the UHECRs, the extragalactic magnetic field distribution, and the energy density of the cosmic radio background. As a result, very large uncertainties are associated with the overall flux of gamma-rays produced by such particles. The spectral shape of this contribution, in contrast, is less sensitive to these unknown factors. In Fig. 5 we show the contribution from UHECR propagation to the EGB for a few representative cases, as originally presented in Ref. [35] (see also, Ref. [36] ). For each of the four curves shown, the injected cosmic ray spectrum is taken to consist purely of protons or iron nuclei, with a spectral index of 2.3, and with an exponential cutoff above Z × 10 20.5 eV (where Z = 1 for protons and 26 iron nuclei). The upper two curves assume a very strong source evolution, n(z) = n 0 (1 + z) 5 , while the lower two curves adopt an unchanging source distribution with redshift, n(z) = n 0 . These cases shown are rather extreme, and the true contribution from UHECR propagation is likely to fall somewhere within this range. 
E. Millisecond Pulsars
Pulsars are rapidly spinning neutron stars which steadily convert their rotational kinetic energy into radiation, including potentially observable emission at radio and gamma-ray wavelengths. Due to their long lifetimes and expected spatial distribution, unresolved millisecond pulsars (MSPs), also known as recycled pulsars, have been considered as potential contributors to the high-latitude diffuse gamma-ray background [57] (see also Ref. [58] ).
The Fermi Collaboration has detected gamma-ray emission from a total of 125 sources identified as pulsars, 47 of which have millisecond-scale periods [59] . Following Ref. [60] , we build a spatial distribution and luminosity function model for galactic millisecond pulsars, constrained to account for the MSPs observed by Fermi without exceeding the total number of observed MSPs and currently unidentified gamma-ray sources. We also further constrain the spatial distribution to accommodate the distribution of such sources observed at radio frequencies [61] . Taken together, we find that MSPs are expected to account for only approximately 0.1% to 0.3% of the diffuse gamma-ray background above 1 GeV. This estimate is also compatible with constraints from Fermi's anisotropy measurement [62] . For details of the model used and its fit the observed MSP distribution, we direct the reader to Ref. [60] . For the spectral shape of the gamma-ray emission from unresolved MSPs, we adopt dN γ /dE γ ∝ E −1.46 γ exp(−E γ /3.3 GeV), which provides a good fit to the spectra observed from individual MSPs [60] .
In Fig. 6 , we show our estimate for the contribution from millisecond pulsars to the diffuse gamma-ray background (integrated above |b| > 30
• ). The contribution has a negligible impact on our fits and limits, and thus we do not consider it further in this study.
F. Other Contributions
There are several other contributions to the EGB which we will not explicitly include in this study. For the sake of completeness, we will briefly summarize some of these possible contributions here.
The mergers of galaxy clusters and other large scale structures can generate large-scale collisionless shocks capable of accelerating electrons to highly relativistic energies. Through inverse Compton scattering with the cosmic microwave background, such electrons could potentially generate a non-negligible contribution to the diffuse gamma-ray background [32, 33] . Assuming that ∼5% of the thermal energy in such shocks is transferred to the acceleration of electrons, Ref. [32] finds that this mechanism could account for up to tens of percents of the diffuse gamma-ray background at energies above ∼10 GeV. In such a scenario, Fermi should be capable of detecting several merging clusters as gamma-ray sources [32, 34] . Other estimates for this contribution are significantly lower [33] , however, and it is difficult to bound the expected contribution from this mechanism. As gammaray emission has not yet been detected from galaxy clusters [63] [64] [65] [66] [67] , we do not include this contribution in our model at this time.
More local phenomena could also contribute to the diffuse gamma-ray background. In particular, interactions between cosmic rays and ionized hydrogen in the outer halo of the Milky Way could produce a diffuse flux of gamma-rays capable of accounting for ∼1-10% of the observed gamma-ray background [68] . Alternatively, interactions of cosmic rays with debris in the Solar System's Oort Cloud could also contribute [69] . We do not include such local contributions in our calculations.
G. The Combined Astrophysical Contribution to the Extragalactic Gamma-Ray Background
In Fig. 7 , we show the combined contributions to the EGB from radio galaxies, star-forming galaxies, FSRQs, and BL Lac objects. To evaluate a given model, we calculate the total chi-square (χ 2 ) corresponding to all of the parameter values, as described in Secs. II A, II B, and II C. The dashed curve in Fig. 7 represents the model with central values for each parameter, whereas the solid curves denote the range covered by all models which yield a χ 2 that is within 1σ of that found using the central parameter values. The result shown in Fig. 7 does not include in its fit the spectrum of the EGB as measured by Fermi.
Remarkably, we find that the entirety of the observed EGB can be accounted for by a combination of emission from radio galaxies, star-forming galaxies, and blazars. In Fig. 8 we show two specific examples of viable astrophysical models which provide a good fit to the observed EGB. In the left frame, we show a model with a negligible contribution from UHECR propagation, whereas FIG. 7 . The estimated contribution to the EGB from the combination of radio galaxies, star-forming galaxies, and blazars (FSRQs and Bl Lacs). The dashed contour represents the prediction using central values for all model parameters. The solid contours are the 1σ uncertainties around this prediction, after propagating all parameter uncertainties. Error bars and points are as in Fig. 2 . See text for details.
the model in the right frame includes a significant contribution from UHECRs (corresponding to iron nuclei primaries, with strong source evolution). These models each yield excellent fits to the model parameters, as well as to Fermi's measurement of the EGB spectrum.
Although the astrophysical contributions included in our model are collectively able to account for the observed EGB, the uncertainties in the model remain fairly large and other contributions could also be significant. In the following sections, we calculate the isotropic gammaray spectrum from annihilating dark matter and include this contribution in our model of the EGB in order to derive upper limits on the corresponding annihilation cross section.
III. GAMMA RAYS FROM ANNIHILATING DARK MATTER
If the dark matter consists of particles with weak-scale masses and cross sections, their annihilations could contribute significantly to the EGB. In this section, we examine the gamma-ray spectrum produced through dark matter particles annihilating in the halo of the Milky Way and throughout the universe. Throughout this section, we follow closely the approach of Ref. [70] .
A. The Extragalactic Contribution
The intensity of the extragalactic gamma-ray background from dark matter annihilations is given by [70] :
where dN γ /dE γ is the gamma-ray spectrum per annihilation (obtained from PPPC4DMID [71] ), τ is the optical depth (again, using the model of Ref. [49] ), dn/dM is the halo mass function (which we tabulate with HMFcalc [72] using the model of Ref. [73] ), and ρ host is the density profile of a given halo. As our benchmark model, we consider dark matter particles of mass m DM and that annihilate to bb. For this annihilation channel, the gamma-ray emission is dominated by the prompt photons, in contrast to contributions from inverse Compton scattering or bremsstrahlung emission, which we do not include in our calculations. In this work, we will take all host halos to have a density distribution defined by an NFW profile [74, 75] :
where ρ s is the scale density and x = r/r s is the distance from the center of the halo in units of the scale radius, r s . We relate the scale and virial radii of a halo with the concentration, c(M, z) ≡ r vir /r s , as parameterized in Ref. [76] . The mass of a halo is related to its virial radius by:
where ρ c (z) is the cosmological dark matter density and ∆ vir (z) is the overdensity within the virial radius of a halo. This can be parameterized as ∆ vir (z) = 18π [77] . In terms of these quantities, the scale density is given by:
The density-squared integral in Eq. (4) can be written as
assuming that ρ host is described by an NFW profile. The quantity b sh accounts for the enhancement of the annihilation rate within a given halo as a result of substructures. As our default model, we consider the following parameterization for the boost factor: . The upper curve is the result using the substructure boost factor of Eq. 9, which is based on an extrapolation of numerical simulations. The dotted curve assumes a boost factor that is a factor of 30 lower than our default model. The lowest curve neglects the contribution from substructure entirely. See text for details.
where M 200 is the mass of a halo contained within a region with an average density equal to 200 times the critical density (for a relationship between M 200 and M vir , see Appendix C of Ref. [78] ).
The boost factor given in Eq. 9 was obtained from Ref. [79] (modified to account for all subhalos, including those outside of the volume containing mass M 200 [80] ), and is based on the results of numerical simulations. To estimate the boost factor from such simulations, however, one must extrapolate to subhalos with masses well below the current resolution (the Aquarius simulation of Milky Way-like halos, for example, resolves subhalos with masses down to ∼ 3 × 10 4 M [81]). In particular, the result of Eq. 9 assumes that the subhalo mass function extends down to a minimum mass of M min = 10 −6 M , and that the mass-concentration relationship observed among very massive simulated subhalos can be extrapolated to much smaller subhalos. In regards to the minimum subhalo mass, the precise value of M min is determined by the temperature at which the dark matter particles decouple kinetically from the cosmic neutrino background. And while the value of M min is modeldependent, typical dark matter candidates with masses and annihilation cross sections in the range of interest to this study generically yield minimum masses in the range of M min ∼ 10 solar masses, for example, the boost factors would be reduced by a factor of ∼4 relative to those given by Eq. 9. Of potentially greater importance, however, is the extrapolation of the subhalo mass-concentration relationship. If the concentrations of low mass subhalos are not as large as suggested by current extrapolations, the resulting boost factors could be very significantly reduced.
As an example of the variation found in the literature, we note that the boost factors presented in Ref. [84] for galaxy-sized halos are a factor of ∼30 smaller than those described in Eq. 9. With this in mind, we plot in Fig. 9 the contribution to the EGB from extragalactic dark matter annihilations, for a reference dark matter model (m DM = 100 GeV, annihilating to bb with σv = 3×10 −26 cm 3 /s), and for three sets of assumptions regarding substructure. The upper curve is our default case (Eq. 9), while the lower dotted curve represents a more conservative case in which the boost factor is reduced by a factor of 30. We also show a calculation which entirely neglects the contribution from substructure; this is shown as the lower solid line in Fig. 9 . We note that the conservative case is almost indistinguishable from the case in which we neglect substructures entirely.
We briefly mention that our results are slightly different from those of Ref. [70] , due to differences in our underlying assumptions. Firstly, the authors of Ref. [70] adopted a halo mass function based on an ellipsoidal collapse model, whereas we have instead adopted the model of Ref. [73] . Secondly, we have updated our cosmological parameters to include the recent results of the Planck −1 weighted halo mass function using the model of Tinker et al. [73] (adopted in our calculations) and the ellipsoidal collapse model adopted in Ref. [70] . We also show results using pre-Planck (dashed) and post-Planck (solid) values for the relevant cosmological parameters. These differences have only a modest impact on the contribution of dark matter annihilations to the extragalactic gamma-ray background.
experiment [48] . In Fig. 10 , we show that the combined impact of these differences changes the overall normalization of the extragalactic dark matter signal by a factor of less than ∼20% relative to the results of Ref. [70] .
B. The Smooth Galactic Halo
The angle-averaged intensity from dark matter annihilations in the halo of the Milky Way (neglecting substructures) is given by:
where s is the distance from the center of the halo, b and are the direction in galactic coordinates, and Ω e is the solid angle observed. We take the dark matter to be distributed according to an NFW profile, and we adopt parameters consistent with measurements: r s = 21.5 kpc, r vir = 258 kpc, and M vir = 1.0 × 10 12 M [85] . These parameters imply a local dark matter density of ρ ≈ 0.24 GeV cm −3 , which is somewhat low compared to the more canonical estimates of 0.3-0.4 GeV/cm 3 [86] [87] [88] [89] . If we had scaled up the dark matter density to a value in this range, the local annihilation rate would be further enhanced by a factor of ∼1.6-2.8.
The galactocentric radius is related to the distance along the line-of-sight by
The solid angle of interest is described by 0 ≤ < 2π and 30 . The result has been averaged over the following region of the sky: 0 < < 2π and |b| > 30
• . See text for details.
In Fig. 11 , we plot the contribution to the EGB from dark matter annihilations in the smooth component of the Milky Way's halo. Comparing this to the extragalactic contribution, we find that this component is likely to be subdominant, even for conservative assumptions pertaining to extragalactic substructure.
C. Subhalos of the Milky Way
Although the smooth halo of the Milky Way is predicted to provide no more than a subdominant contribution to the EGB, the intensity of gamma rays from dark matter annihilations in the subhalos of the Milky Way are expected to be comparable to the intensity of gamma rays from extragalactic structures. Each subhalo has a differential luminosity which is totally determined by its density profile:
For a subhalo of mass, M , at a distance, s, along the line-of-sight, the photon intensity at earth is given by:
where r s is the scale radius of the subhalo and b gs describes the contribution from substructure within each subhalo, which we set equal to 2, irrespective of mass [90] . The function g[c(M )] arises from the integral over the volume of each satellite. For our default calculation, we set the subhalo concentrations following the approach of Ref. [91] , where the subhalo is assumed to be initially described by an NFW profile which is then tidally stripped, leaving only a very compact and dark matter-dominated object. In this case,
where c is the concentration of the subhalo. In addition to our default assumptions, we also consider a more conservative scenario in which the contribution from galactic subhalos is suppressed by a factor of 30 relative to our default case, motivated by analogy to the extragalactic calculation.
The total intensity of gamma rays at Earth from dark matter particles annihilating in galactic subhalos is then given by integrating Eq. 13 over the distribution of Milky Way subhalos. Thus we have
where dM dV (dn sub /dM ) is the total number of subhalos in the Milky Way. We assume that the subhalo mass function, dn sub /dM , is given by the anti-biased case of Ref. [91] , which is proportional to an Einasto profile with α E = 0.68.
To compare to observations, we are interested in the angle-averaged intensity of gamma rays per unit energy over the entire galaxy. This is given by: In Fig. 12 , we show the contribution to the EGB from galactic subhalos. For our default substructure model, this contribution is comparable to that from extragalactic dark matter annihilations. In our conservative substructure model, galactic subhalos are negligible compared to the EGB. A summary of this section's results is given in Fig. 13 . Here, we have plotted the combination of extragalactic, smooth galactic, and galactic subhalo contributions to the EGB. The upper solid curve adopts our default substructure model. The lower dotted and solid curves use our conservative substructure model or neglect substructure entirely, respectively. We note that contributions to the EGB from subhalos in the Milky Way and from extragalactic structure can be reduced significantly if low-mass halos and subhalos are not as highly concentrated as is suggested by extrapolations of simulations. The contribution from the smooth halo of the Milky Way, however, is significantly more robust. We also remind the reader that we have conservatively adopted a relatively low value of density of dark matter in the Milky Way (corresponding to a local density of 0.24 GeV cm −3 ). The more conservative models reduce the overall gamma ray flux from dark matter annihilations by only a factor of ∼4 relative to our default model. FIG. 14. Our model of the EGB, including the largest allowed contribution from annihilating dark matter (at the 95% CL). Here, we have adopted our default substructure model. In each case, we have marginalized over the parameters of our astrophysical model. See text for details.
IV. CONSTRAINTS ON THE DARK MATTER ANNIHILATION CROSS SECTION
In this section, we combine the results of Secs. II and III in order to place constraints on the contribution from annihilating dark matter to the EGB (for previous dark matter constraints derived from the EGB, see Refs. [70, 92, 93] ).
We begin by assessing the ability of a given model to fit the observed data. To do this, we construct a χ 2 statistic:
where the first sum is performed over the astrophysical parameters of the model (p i ), as described in Sec. II, and the second sum is performed over the the error bars of the EGB spectrum as reported by the Fermi collaboration [3] . The quantities σ p,i and σ d,j represent the uncertainties in the astrophysical parameters and the errors in the measured spectrum, respectively. With no contribution from dark matter, our best model parameter set yields an overall value of χ 2 = 8.54. This model includes contributions from radio galaxies, star-forming galaxies, FSRQs, and BL Lac objects, with uncertainties in the model parameters as described in Sec. II.
To place limits on the dark matter annihilation cross FIG. 15. In the left frame, we show the limits (95% CL) on the dark matter annihilation cross section derived in this study, using our default substructure model (solid), and neglecting substructure (dashes). In the right frame, we compare this result to the strongest existing constraints on the dark matter annihilation cross section from observations of the Galactic Center [37] and of dwarf spheroidal galaxies [38] . See text for details.
section, we add a contribution from annihilations of dark matter (with a given mass and annihilation channel) to our model. We increase the value of the cross section until the best possible χ 2 (marginalizing over all the parameters of the astrophysics model) increases by 2.71 over the best-fit with no dark matter component (corresponding to the 95% confidence level upper limits). In Fig. 14, we show the contributions to the EGB in models with the maximum allowed contribution from annihilating dark matter (assuming annihilations to exclusively to bb for five choices of the dark matter mass).
In the left frame of Fig. 15 , we plot the upper limits on the dark matter annihilation cross section derived in this study. In the right frame, this result is compared to the limits obtained from observations of the Galactic Center [37] and of dwarf spheroidal galaxies [38] . For our default substructure model, the limits presented here are approximately as stringent as those derived from the Galactic Center (assuming an NFW profile). Our limits obtained neglecting contributions from substructure are comparably stringent to those derived from the Galactic Center assuming a profile with a kiloparsec-scale core [37] . And although the constraint from dwarf galaxies is somewhat less susceptible to astrophysical uncertainties than those derived from the EGB or Galactic Center, even for very conservative assumptions (i.e.. negligible contributions from substructure) the constraints derived here are as or more sensitive to dark matter particles with masses on the order of 100 GeV or greater.
V. PROJECTIONS AND FUTURE SENSITIVITY
As Fermi continues to collect data, its sensitivity to dark matter annihilation products in the EGB will increase due to two different sets of factors. Firstly, Fermi's measurement of the EGB itself will improve, reducing the errors on the corresponding spectrum and extending the measurement to higher energies. Secondly, with a larger data set, Fermi will detect GeV emission from a greater number of radio galaxies, star-forming galaxies, and blazars, and will characterize the emission from those sources already detected with greater precision. As it does so, the uncertainties in the contributions to the EGB from these sources classes will be reduced considerably.
To project the error bars on Fermi's future (after 10 total years of operation) measurement of the EGB, we take the preliminary spectrum (which is based on 44 months of data, and is shown in the left frame of Fig. 16 [47] ) and further reduce the size of the error bars by a factor of 120/44 ≈ 1.65. Note that in this projection, we have not removed contributions from to-be-resolved blazars, in order to better facilitate comparisons between projected and current models and measurements. To project the improvement in the uncertainties of our astrophysical parameters (IR/radio correlation parameters, spectral indices, etc.), we reduce each error bar by the square root of time (relative to the amount of data that was used in the analysis of each source population). We conservatively do not account for any possible improvements in the uncertainties of the radio or IR luminosity functions when making our projections.
In each frame of Fig. 16 , we show the projected uncertainties for an astrophysical model of the EGB after 10 years of Fermi data. In the left frame, we compare this to the preliminary Fermi (44 month) measurement of the EGB [47] . In the right frame, we compare this model to our projection for Fermi's measurement of the EGB with 10 years of data. Using this projection for the model parameters and EGB measurements, we repeat the procedure used in Sec. IV to predict the constraints that Fermi should be able to place on the dark matter annihilation cross section after 10 years of observation. These projected constraints are shown in Fig. 17 . 
VI. SUMMARY AND CONCLUSIONS
The extragalactic gamma-ray background (EGB) as measured by the Fermi Gamma-Ray Space Telescope contains contributions from a variety of astrophysical sources, including radio galaxies, star-forming galaxies, and blazars. Fermi observations of individual members of these source classes have been used to construct distribution functions for these populations in both luminosity and redshift. As Fermi collects more data, these distributions will become more tightly constrained, making it possible to determine their contributions to the EGB with increasing precision.
In this paper, we have constructed a model for the astrophysical contributions to the EGB, and used this model along with Fermi's measurement of the EGB to constrain the contribution from annihilating dark matter. Included in this calculation are contributions from dark matter annihilating in the halos and subhalos distributed throughout the universe, as well as that of the Milky Way's halo and subhalos. The limits on the dark matter's annihilation cross section that we derive in this study are competitive with those based on observations of the Galactic Center and dwarf spheroidal galaxies. In particular, adopting a substructure model based on the extrapolation of numerical simulations (our "default" model), the limits presented here are, for all masses, more stringent than those from dwarf galaxies, as recently published by the Fermi collaboration. If we conservatively neglect the contributions from subhalos, our limits become somewhat less stringent (by a factor of ∼4-5) but are still competitive with those derived from dwarfs.
As Fermi collects more data, it will not only be capable of measuring the spectrum of the EGB with greater precision, but will also more stringently constrain the characteristics of the various astrophysical source populations that contribute to the EGB. As a result, we project that Fermi will ultimately be able to achieve a sensitivity to dark matter annihilation products in the EGB that exceeds current constraints by a factor of ∼5-10. For our default substructure model, we project that the Fermi measurement of the EGB will ultimately be sensitive to dark matter with the canonical thermal annihilation cross section (σv = 3 × 10 −26 cm 3 /s) for masses up to ∼400 GeV. At the end of Fermi's mission, such limits will likely be the strongest constraints on the dark matter annihilation cross section, although constraints from cosmic-ray observations could in some cases be competitive and complementary [94] [95] [96] [97] [98] [99] [100] .
Finally, we stress that dark matter searches making use of the EGB are complementary to those based on observations of the Galactic Center and dwarf galaxies. The main systematic error in searches involving the region of the Galactic Center arises from uncertainties in the distribution of dark matter in the Milky Way's inner halo. While the uncertainties faced here regarding dark matter substructure are of a comparable magnitude, they are independent of those issues pertaining to the Inner Galaxy. Furthermore, while the constraints derived from dwarf galaxies are likely more robust to systematic uncertainties than those based on either the Galactic Center or the EGB, they are also somewhat less stringent. As Fermi collects more data, all three of these search techniques will become significantly more powerful, and together will be able to test a wide range of models in which the dark matter consists of thermal relics with masses up to ∼400 GeV.
